Infrared spectra of 1-phenyltetrazole (C 7 N 4 H 6 ) and 5-chloro-1-phenyltetrazole (C 7 N 4 H 5 Cl) isolated in argon matrixes (T ¼ 8 K) and in the solid state (at room temperature) were studied. DFT(B3LYP)/6-31G* calculations predict the minimum energy conformation of 1-phenyltetrazole as being non-planar, with the two rings (phenyl and tetrazole) twisted by 298. For 5-chloro-1-phenyltetrazole, the optimized dihedral angle between the two rings is larger (488). The theoretically calculated IR spectra of both compounds fit well the spectra observed experimentally. This allowed a reliable assignment of observed IR absorption bands. #
Introduction
Tetrazole (CN 4 H 2 ) [1] and its derivatives are compounds that have drawn the attention of many people, due to their practical applications. The tetrazolic acid fragment, -CN 4 H, has similar acidity to the carboxylic acid group, -CO 2 H, and is almost isosteric with it, but is metabolically more stable [2] . Hence, replacement of -CO 2 H groups by -CN 4 H groups in biologically active molecules has been widely applied in research areas of major interest [3] .
The earlier medicinal applications of tetrazoles have been reviewed [4] [5] [6] . As judged by the number of recent patent claims and publications, medicinal uses of tetrazoles continue to grow rapidly, covering a wide range of applications. The tetrazole ring has been used to modify the heme environmental structure of myoglobin by incorporating the N-tetrazol-5-yl histidine unit in which the tetrazole ring was formed from the N-cyano compound and azide ion [7] . A wide range of tetrazole derivatives has been patented for antihypertension activity and as angiotensin II receptor antagonists. These are claimed to be useful for treating congestive heart failure and preventing cardiac hypertrophy. The tetrazole ring features also in a series of antiallergic substances which act by inhibiting the Vibrational Spectroscopy 30 (2002) [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] allergic histamine release. The 3 0 -tetrazolo-3 0 -deoxythymidines are actually the only approved drugs for AIDS treatment, [8, 9] while several tetrazole derivatives have been explored for antituberculotic activity. Besides, a wide range of compounds with the tetrazol-1-yl acetic acid structure has been claimed as aldose reductase inhibitors for treatment and prevention of diabetes complications.
Tetrazoles found also application as artificial sweeteners, in agriculture (as plant growth regulators, herbicides and fungicides) [10] and in photography [11] . Another important application of tetrazoles is as gas-generating agents for airbags [12] .
Since we are particularly interested to study 5-allyloxy ethers derived from tetrazole, which have demonstrated important practical uses, [13] 5-chloro-1-phenyltetrazole appears as an important molecule to be studied, as it is the main reagent in the ethers synthesis [14] .
Due to its electron-withdrawing properties, 5-chloro-1-phenyltetrazole has been extensively used as a derivatizing agent for phenols, prior to conversion into the corresponding arenes [15] through catalytic hydrogenolysis over palladium on charcoal, using hydrogen donors, or into alkyl arenes, [16] through cross-coupling using zinc or tin organometalics. The withdrawal of electron density from the original phenolic C-OH partial double bond on conversion into a tetrazolyl ether weakens it so that it becomes like a C-O single bond in aliphatic alcohols or ethers. The effect at the original phenol is as if the electronegativity of the oxygen increases so much that it becomes similar to that of fluorine [17] . Thus, the heteroaromatic tetrazole, together with the oxygen from the original phenol, acts as an excellent leaving group in catalyzed ipso-substitutions. It has also been reported that selective hydrogenolysis of the C-OH bond in allyl alcohols [18] could be conveniently achieved by first reacting the alcohol with 5-chloro-1-phenyltetrazole so as to form the heteroaromatic allyl ether, which then will undergo smooth heterogeneously catalyzed transfer hydrogenolysis to form the arene corresponding to the aryl or allyl group, and watersoluble phenyltetrazolone. Selective transfer reduction of allyloxytetrazoles is remarkable because it competes with hydrogenation of the double bond [19] and also with the relatively easy Claisen-type sigmatropic rearrangement [20] .
Since no works have been denoted so far to investigation of 5-chloro-1-phenyltetrazole and 1-phenyltetrazole molecules in conditions where the interaction with environment are minimized, we decided to study the monomers of these compounds using the matrix isolation technique. A combined (infrared spectroscopy/DFT calculations) approach has been employed in this study.
Experimental and computational methods
5-Chloro-1-phenyltetrazole used in this study was a commercial product (Aldrich). 1-Phenyltetrazole was synthesized according to the following procedure. Palladium on charcoal (10%; 1.6 g) was added to a solution of 5-chloro-1-phenyltetrazole (6 g; 33.2 mmol) in toluene (250 ml). The mixture was stirred vigorously and sodium phosphinate (28 g, 264 mmol) was added to it in small amounts, over a period of 2 h. The final mixture was stirred at 40 8C until disappearance of the starting tetrazole was observed by TLC (12 h). The reaction mixture was then filtered through Celite to remove the catalyst and the reaction product extracted with dichloromethane (2 ml Â 150 ml). The organic extract was dried over anhydrous sodium sulphate, filtered and evaporated to dryness. The final residue was recrystallised from ethanol to give colorless needles of 1-phenyltetrazole. This sample has been purified by vacuum sublimation prior to matrix-isolation experiments.
The matrix-isolation experiments were carried out with the system built on the basis of an APD cryogenics close-cycle helium refrigeration system with a DE-202A expander. A glass vacuum system and standard manometric procedures were used to deposit the matrix gas (argon, Air Liquid, 99.9999%) using a deposition rate of ca. 10 mmol h
À1
. 5-Chloro-1-phenyltetrazole or 1-phenyltetrazole were co-deposited from an electrically heated miniature oven placed inside the vacuum chamber of the cryostat [21] . Infrared spectra in the range 4000-500 cm À1 were obtained using a Mattson Infinity 60AR FT-spectrometer equipped with a DTGS detector and a Ge/KBr beam splitter. Data collections were performed with 0.5 cm À1 spectral resolution. Infrared spectra of solid polycrystalline 5-chloro-1-phenyltetrazole and 1-phenyltetrazole were recorded at room temperature for the compounds pressed in a KBr pellet.
The geometries of 5-chloro-1-phenyltetrazole and 1-phenyltetrazole molecules were optimized using the density functional theory method with the 3 parameters Beck, Yang and Lee functional [22] [23] [24] and the 6-31G* basis set [25] . Subsequently, the harmonic vibrational frequencies and IR intensities were calculated at the same level of theory. All the calculations were carried out using the GAUSSIAN 98 program package [26] . In order to correct for anharmonicity and neglected part of electron correlation the calculated frequencies were scaled down by a single factor of 0.975 [27] . A set of internal coordinates was defined and the Cartesian force constants were transformed to the internal coordinates space, allowing ordinary normal-coordinate analysis to be performed as described by Schachtschneider [28] . Internal coordinates used in these calculations are given in Table 1 .
Results and discussion
DFT(B3LYP)/6-31G* optimized geometries of 1-phenyltetrazole and 5-chloro-1-phenyltetrazole ( Fig. 1) are compared with the available experimental X-ray crystallography data in Table 2 . As seen in this table, all experimental geometrical parameters are well reproduced by the theoretical calculations.
At optimized geometries the phenyl and tetrazole rings are virtually planar for both studied compounds. The calculated values of the dihedral angle between the planes of the two rings (looking along the C6-N1 axis) is considerably larger for 5-chloro-1-phenyltetrazole (488) than for 1-phenyltetrazole (298). The last angle in 1-phenyltetrazole is somewhat (11.88) [29] greater than the experimental data measured for compound in the crystalline state, but this difference may be attributed to the intermolecular forces stabilizing the crystal. For isolated molecules, there are two main factors determining the dihedral angle between the phenyl and tetrazole rings: stabilization by conjugation of the p electron systems of the two rings, which favors their coplanarity, and minimization of the repulsion of hydrogen atoms (or hydrogen and chlorine atoms) attached to the rings at 5 and 11 positions, which favors non-planar relative orientations. Hence, the larger dihedral angle between the two rings predicted for 5-chloro-1-phenyltetrazole can be easily correlated with the repulsion effect due to the bigger chlorine atom, when compared with that due to the repulsions involving the two hydrogen atoms in 1-phenyltetrazole.
The importance of the size of the ortho-substituents to the inter-ring C-C bond in molecules with two connected rings in determining the relative orientation of the rings has been considered for several systems [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . For example, the inter-ring twisting angle in 2-phenylpyridine, where only a single HÁÁÁH inter-ring repulsion exists, was determined to be 20.78, while in both 3-phenylpyridine and 4-phenylpyridine, which show two ortho-HÁÁÁH inter-ring repulsions, this angle was estimated to be 38.5 and 36.38, respectively [33] . In a similar way, the inter-ring twisting angle in 2-phenylimidazole and 2-phenylbenzimidazole was determined to be ca. 208, while in their analogues bearing an ortho-methyl group, 1-methyl-2-phenylimidazole and 1-methyl-2-phenylbenzimidazole, the g(C5X) g 17,5,1,4 a n: stretching; d: bending; g: wagging; t: torsion. b X¼H for 1-phenyltetrazole; X¼Cl for 5-chloro-1-phenyltetrazole. c n i,j is the distance between atoms A i and A j ; d i,k,j the angle between vectors A i A j and A j A k ; t i,j,k,l the dihedral angle between the plane defined by A i , A j , A k and the plane defined by A j , A k , A l atoms; g i,j,k,l the angle between the vector A i A k and the plane defined by atoms A j , A k , A l ( Fig. 1 for atom numbering) .
twisting angle was found to be 32.38 and 428, respectively [34] . When considerably large ortho-substituents are present, the inter-ring twisting angle may increase substantially, as it is in 4,6-dichloro-2-methylthio-5-phenylpyrimidine, where this angle was found to be ca. 788 [35] .
It is also interesting to compare the results obtained now for the two molecules in question with those available for biphenyl [30] [31] [32] . The coupling between the two benzene rings in biphenyl is known to be weak and the inter-ring twisting angle varies according to the physical state of the compound, i.e. 08 (planar) in the crystalline state, [30] 19-268 in the liquid state, [31] and %408 in the gaseous phase [31, 32] . Similar results were found for a series of 1-arylimidazoles, [36] where the inter-ring twisting angle observed in the crystalline phases was found to be systematically smaller than the value predicted for the isolated monomeric species. All these results indicate that intermolecular forces are responsible for the stabilization of more planar structures (smaller inter-ring twisting angles) in the solid state. On the other hand, more twisted structures are assumed under conditions where the relevant intermolecular forces are absent or very a Bond lengths in Å ; angles in degrees; see Fig. 1 for atom numbering. b Determined by X-ray diffraction for the crystalline compound [29] .
weak, as it is the case for molecules isolated in low temperature inert gas matrixes. Hence, it was not expected that the conformations assumed by 1-phenyltetrazole and 5-chloro-1-phenyltetrazole isolated in the matrixes would differ appreciably from the theoretically predicted structures for the isolated molecules in vacuum. As it will be stressed later on in this article, the spectroscopic data obtained in the present study clearly confirmed this hypothesis. Bond lengths and calculated Mulliken atomic charges on the atoms of the tetrazole ring are compared, for the studied molecules and their parent molecules, 1H-tetrazole [1] and 5-chloro-1H-tetrazole [42] , in Tables 3 and 4 . Noteworthy, the phenyl-substituted compounds show a reduced tetrazole ring aromaticity, as measured by the bond lengths of the formally single and double bonds (the first are longer and the last shorter in the phenyl substituted compounds than in the corresponding unsubstituted molecules). In the case of 1-phenyl-tetrazole, the phenyl group acts as an electron withdrawing substituent. On the whole, the total electron charge of the tetrazole ring reduces by 0.151 e. This charge migration results mainly from the through-space field charge repulsion between H16 (phenyl) and H17 (tetrazole) atoms, since the positive charge of H17 reduces by 0.104 e, when compared with that of the equivalent atom in 1H-tetrazole. On the other hand, in 5-chloro-1-phenyltetrazole this effect cannot operate so efficiently, since H16 is now close to the chlorine atom, and so, all changes in the charges due to the 1H ! 1-phenyl substitution are much less pronounced than in the previous molecule. On the whole, the presence of the phenyl group leads only to a slight increase of the electron density in the tetrazole ring by 0.018 e. All these results, together with the observed non-coplanarity of the phenyl and tetrazole rings, are compatible with a relatively small interaction between the p-electron systems of the two rings.
The infrared absorption spectrum of monomeric 1-phenyltetrazole isolated in an Ar matrix is compared in Fig. 2 with the spectrum theoretically predicted for the isolated molecule of this compound. The spectrum of polycrystalline 1-phenyltetrazole is also shown in this figure. Analogous comparisons for 5-chloro-1-phenyltetrazole are made in Fig. 3 . In spite of the fact that the molecules in question are comparatively complex, the experimental spectra are quite well reproduced by the theoretical simulations. The overall good agreement between experiment and theory enabled to undertake a reliable assignment of the experimentally observed spectra (Tables 5 and 6 ). That suggests also strongly that the theoretical predictions regarding the non-coplanarity of the phenyl and tetrazole rings in the monomers are correct for both molecules. In addition, the spectra of the polycrystalline compounds in KBr pellets do not drastically differ from those of monomeric species, indicating that in the studied compounds intermolecular interactions are relatively weak in the crystalline state and, in particular, that in this phase the molecules assume the same conformation found in the matrixes, with non-coplanar phenyl and tetrazole rings.
Despite the obvious differences between the IR spectra of 1-phenyltetrazole and 5-chloro-1-phenyltetrazole, there are several spectral features that appear at nearly the same frequencies in both cases (Fig. 4) . As expected, this concerns mostly the bands due to vibrations of the phenyl ring. Indeed, these vibrations are not much affected by substitution in the tetrazole ring (at position 5) of hydrogen atom by chlorine, pointing to a relatively unimportant p-electron delocalisation between the two rings in these molecules. In the frequency range close to 1600 cm À1 two bands due to stretching vibrations of the phenyl ring are observed at 1606 and 1600 cm À1 (for 1-phenyltetrazole) and at 1604 and 1597 cm À1 (for 5-chloro-1-phenyltetrazole). The strongest band in the spectra of the studied compounds (observed at 1512 and 1507 cm À1 , respectively) corresponds to concerted in-phase bending vibration of the phenyl C-H bonds. In addition, the phenyl C-H out-of-plane wagging vibrations give also rise to a strong band that is observed in the spectra of the studied compounds at 756 and 760 cm À1 , respectively. Finally, two phenyl ring vibrations are observed at 690 and 688 cm À1 (1-phenyltetrazole) and at 695 and 685 cm À1 (5-chloro-1-phenyltetrazole), the higher frequency band being ascribable, for both compounds, to the d(R3) vibration and the lower Tables 5 and 6 ). Indeed, all these bands are well known mark bands for monosubstituted phenyl groups [28] . It is interesting to note that the vibrational data corresponding to the vibrations mainly localized in the tetrazole ring agree with the structural information in what concerns to the above discussed reduction of the aromatic character of the ring upon 1H ! 1-phenyl substitution. In fact, in 1-phenyltetrazole bands with the largest contribution of nN2¼N3 and nC5¼N4 appear at average values of 1296 and 1473 cm À1 (both features are observed as doublets) while in 1H-tetrazole the corresponding bands were observed at 1243 and 1468 cm À1 , [1] i.e. the spectroscopic data also indicate that these bonds are stronger in the phenylsubstituted compound. On the other hand, nC5-N1 reduces its frequency upon the 1H ! 1-phenyl substitution (1428 [1] versus 1404 cm À1 ), i.e. the C5-N1 single bond becomes weaker. Similar findings can also be noticed in the case of the chloro-substituted molecules. For example, nN2¼N3 and nC5¼N4 appear at 1268 and 1432 cm À1 in 5-chloro-1-phenyltetrazole and at 1248 and 1419 cm À1 in 5-chlorotetrazole [42] .
Conclusion
Matrix-isolation infrared spectroscopy supported by theoretical predictions undertaken at the B3LYP/ 6-31G* level of theory enabled, for the first time, complete characterization of the vibrational signature of monomeric forms of 1-phenyltetrazole and 5-chloro-1-phenyltetrazole. It was also shown that in the gas phase as well as in argon matrixes these two molecules assume non-coplanar arrangements of the phenyl and tetrazole rings, with the chloro-substituted compound showing a larger dihedral angle defined by the planes of the two rings (488 versus 298; calculated values for the isolated molecule in vacuum). For both compounds, the spectrum of a polycrystalline sample, obtained for the substance in a KBr pellet at room temperature, was found not to differ dramatically from that obtained for the matrix-isolated monomer, indicating that no strong intermolecular interactions are operating in the solid phase. In addition, when compared with the non-substituted 1H-tetrazole molecule and 5-chloro-1H-tetrazole, the 1-phenyl-substituted compounds now studied reveal a smaller aromaticity of their tetrazolic ring.
